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Abstract: A thermodynamic model was developed to calculate the hydrogen solubility in molten alloys based on the hydrogen
solubility in constitutional pure liquid metals and their interaction parameters. The calculated results have a good agreement with the
documented experimental results. The closer the molten alloy to an ideal liquid is, the more accurate the calculated results are. The
compound forming ability and molar mixing heat of the constitutional elements take important roles in influencing the hydrogen

solubility in molten alloys.
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1 Introduction

Hydrogen can be absorbed and solved in most
molten alloys, which usually leads to defects in solidified
alloys as porosity, property reduction structure (e.g.
hydrogen brittleness) etc[1-2]. So, the task of
metallurgical engineers is always to eliminate the
hydrogen content in metals. But recently, the high
solubility of hydrogen in metals is being used positively
to produce a new ordered porous material called GASAR
which has distinct properties and wide potential
applications in various fields[3—5]. The solubility of
hydrogen in molten alloys is becoming more and more
interested. However, the experimentally measured results
of hydrogen solubility in molten alloys are not so
abundant for the new usage. The reason for this situation
is mainly because 1) the absolute amount of hydrogen in
alloys is very low and the melting temperature of alloys
is usually high, both of them lead to the difficulty in
accurate measurements; 2) there are so many alloy
systems that it is almost impossible to measure hydrogen
solubility in various alloys one by one[6]. At the same
time, there exists great scatter of experimental results in
a given alloy system measured by different authors and
methods[6—7]. Therefore, developing calculating models
of hydrogen solubility in molten alloys is of a great

necessity.

Among various researches, Wagner’s model[8§]
based on the interaction parameter between hydrogen
and alloying elements was widely accepted for predicting
hydrogen solubility in molten alloys[2, 9—11]. However,
to use Wagner’s model to an alloy system, the interaction
parameters should be experimentally determined first.
And it should be assumed that the effect of every
alloying element on hydrogen solubility is independent
of the addition of other alloying elements. So, Wagner’s
model is hard to deal with molten alloys which cannot be
regarded as dilute melt
multi-components.

In an early research of JIANG et al[l2], a
theoretical model for calculating hydrogen solubility in
molten aluminum alloys had been developed based on

and/or alloys with

hydrogen solubility in pure metals and thermodynamic
properties of molten alloys which are expressed by
approximate models. In the present study, the theoretical
model has been developed to calculate hydrogen
solubility in more multi-component alloys based on more
precise experimental values of thermodynamic properties.
With this model, hydrogen solubility in binary alloys
which can be regarded as dilute melt and ternary alloys
can all be calculated. For convenience of comparing with
documented experimental results, hydrogen pressure is
set at 0.1 MPa.
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2 Theoretical model

Commonly, hydrogen solubility Cy(107~ mL/g) in
molten alloys under normal pressure is ruled by Sieverts’
law([1, 8]:

Cy =[Py, / Po exp[-AGy /(RT)] (1)

where GS (J/mol) is the change of molar free energy of
hydrogen during solution; pp,(Pa) is the pressure of
hydrogen on the molten alloy; py is the standard pressure
and is usually set to be 0.1 MPa; R is molar gas constant,
8.314 J/(mol-'K "); T(K) is the temperature of the molten
alloy.

For an alloy melt which can be regarded as ideal
liquid, AGI(;)l could be expressed as

AGy = % AGP )

where X; is the mole fraction of component i; AG?
(J/mol)is the change of molar free energy of hydrogen in
pure molten element i. For alloy melts near to the ideal
liquid, Eq.(2) could be modified to[2, 13]

AGy = XAGP —AGS 3)

where AG,,™(J/mol) is the excess molar free energy. By
solving Eq.(1) and Eq.(3), Cy can be expressed as

InCy =Y % InCy; +AGS /(RT) 4

where Cy; (10 mL/g) is the hydrogen solubility in
liquid component i at temperature T.

The excess molar free energy of liquid alloys could
either be calculated by various models[14—16] or
experimentally measured[17—18], where the former ones
are more precise than the later ones. For a binary alloy,
the experimental values could be expressed by
Redlich-Kister polynomials[19]:

where L;j (J/mol)is a binary parameter describing the
interaction between components i and j, as follows:

N
Lij=> "L =x)" (6)
n=0

For a ternary alloy melt i-j-k, the excess molar free
energy of the alloy system AG,™ could be described as

follows:
ex __
AGT =XxiX;L 5+ XX Ly XX L + X% L0 (7)

where L (J/mol)is a ternary interaction parameter.
3 Results

For convenience of comparing with experimental
results, six binary alloys with low alloying content which

form terminal solid solution during solidification
(Al-2.5Mg, Al-2Li, Al-4Cu, Al-6Zn, Al-4Si, Fe-5.6Cu),
six binary alloy and two ternary alloy melts with high
alloying content which form isomorphic solid solution,
eutectic or peritectic reaction during solidification (Fe-Ni,
Fe-Cr, Co-Fe, Cu-Ni, Ni-Co, Ni-Cr, Fe-Ni-Co, Fe-Ni-Cr)
are chosen for study. The parameters L;; for the binary
alloys and L for the ternaries alloys are listed in Table
1. The hydrogen solubility in pure liquid metals are listed
in Table 2.

Table 1 Interaction parameter of molten alloys
Lij, Lij/(J-mol”™")
Laivg=—12 000+8.566T+(1 894—3T)(Xa Xy +
2000 (Xa—Xng)’
Laz=10 466-3.393T [21]
Laii=12 964-5.035 5T+(—19 160+15.631 9T)

Literature

[20]

) [22]

(XarXL)H(14 718-11.207 7T)(Xa—X1:)
Laci=—66 622+8.1T+(46 800—90.8T+10TInT)

(Xar— Xeu) 2 812(XarXcu)’ -
Lapsi=11 340—1.234T+(=3 531+1.367T)(Xa—Xs)+

2 265(Xa—Xsi)® 2]
Le,cu=36 270-2.78T+(8 181-5.223T)(Xpe—Xcu)+

(16 635-7434T)(XeeXcw) o
Lpeni=—16 700+4.287 5T+(9 000—3.7T)(Xpe—Xni)+ [25]

(—1 500+1.262 5T)(Xpe—¥ni)’
Leore=9 800+8.37T+(—2 350-3.75T)(XcoXre) [
Lico=1 750-2.225T-+H(300+0.125T)(Xni—Xco) [
Lnic=—1 275-5.387T—-2 700(Xni—Xcr) (26
Leoni=14 259+0.45T [
[

Lpeci=—6 500+4.90T+(—1 750+1.90T)(Xge—Xcr) 8
Lrenico=—5 641+0.530T [25
Lrenici=43 700-20.18T [28

Table 2 Solubility of hydrogen in liquid pure metals

Liquid metal Hydrogen solubility/(10 2mL-g™")  Literature
Fe InCy;=5.482-4 009/T+1/2In(Py,/Po) [7]
Ni InCy=5.217-2 593/T+1/2In(Py,/Po) [7]
Cu InCy=5.623-5 354/T+1/2In(Py,/Po) [7]
Co InCy=4.87-3 684/T+1/2In(py,/Po) [1]
Cr InCy=9.91-12 273/T+1/2In(py,/Po) [29]
Al InCy=6.247-6 159/T+1/2In(py,/Po) [7]
Mg InCy=6.558-2 533/T+1/2In(Py,/Po) [7]
Zn ~0 [2,29]
Si InCy=22.82-29 243/T+1/2In(py,/Po) [29]

Li InCyy=16.527 6-5 208/T+1/2In(py,/py)  [29]

The hydrogen solubilities in six binary alloy melts
with low alloying content increase with increasing
temperature, as shown in Fig.1, which coincide with the
experimental results. Furthermore, it could be found that
the calculated values in Al-4Cu, Al-6Zn and Al-4Si show
better agreement with experimental results than those in
Al-2.5Mg, Al-2Li and Fe-5.6Cu. The hydrogen solubility
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Fig.1 Hydrogen solubilities in binary alloy melts with low alloying content (py,=0.1 MPa): (a) Al-2.5Mg; (b) Al-2Li; (c) Fe-5.6Cu;

(d) Al-4Cu; (e) Al-6Zn; (f) Al-4Si

values in the six binary alloy melts with high alloying
content are represented in Fig.2, which shows that they
have a similar changing tendency over the entire
investigated composition range with experimental values.
There exist some large deviations in Fe-Ni, Co-Fe and
Ni-Co alloys that would be discussed later. Among those
ternary alloy systems, for the Fe-Ni-Cr alloy, the
calculated hydrogen solubility shows good agreement
with documented value along the pseudo-binary path, as
shown in Fig.2(g). And for the Fe-Ni-Co alloy, the
predicted hydrogen solubility shows larger deviation
than in Fe-Ni-Cr system, as shown in Fig.2(h).

4 Discussion

By comparing the calculated hydrogen solubilities

in all fourteen alloys with the documented experimental
results, it is believed that the proposed model could be
used to predict hydrogen solubility in most molten alloys.
There exist also some disagreements of calculated values
with experimental results.

For the hydrogen solubilities in Ni-Co, Fe-Ni and
Co-Fe alloys, the values documented in Ref.[40] have
large deviations from others and the calculated results, as
shown in Fig.2(c)—(e) with solid circles. We believe that
these values are doubtable.

Generally speaking, in molten alloys of
isomorphous systems (e.g. Fe-Cr), the calculated
hydrogen solubility matches well with the experimental
result because the molten alloy is near to an ideal
solution.

For alloys with alkali and alkaline-earth elements
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Fig.2 Hydrogen solubilities in binary and ternary alloy melts with high alloying content at 1 873 K (py,=0.1 MPa): (a) Cu-Ni;
(b) Fe-Cr; (¢) Ni-Co; (d) Fe-Ni; (e) Co-Fe; (f) Ni-Cr; (g) Fe-Ni-Cr; (h) Fe-Ni-Co

(e.g. Al-Li and Al-Mg), there exists relatively large
difference between calculated and experimental results
because alkali and alkaline-earth elements tend to form
hydrides, which greatly increase the hydrogen solubility
in alloys with these elements[29, 42].

Furthermore, in the six binary alloy systems with

high alloying content shown in Fig.2, the Ni-Cr alloy
exists an eutectic point in a composition of 54%Cr (mass
fraction) at 1 618 KJ[43], showing large difference
between the calculated and experimental results.
Considering the peritectic range existing in Fe-Ni and
Co-Fe alloys on the iron-rich side is small[43], all the
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other five alloys could be regarded as near to
isomorphous systems. In an isomorphous molten alloy,
the lower the molar mixing heat AH(J/mol), the closer to
an ideal solution the alloy[44—45]. The molar mixing
heats of the five liquid alloys are reported in Fig.3, which
are calculated by the equations shown in Table 3. It could
be found that the molar mixing heats of Fe-Cr, Co-Ni
and Co-Fe are much smaller than those of the other two
alloys, which indicates a much smaller difference
between the calculated results and the experimental
results, as shown in Fig.2(b)—(e).

Additionally, various measurement errors may be
contained in experimental results due to many factors[6].
The hydrogen solubility in liquid iron measured by
YANG([32] is much smaller than others[1, 7], which may
lead to an similar tendency in liquid Fe-5.6Cu, as shown
in Fig.1(c). Similarly, considering solubilities of
hydrogen in liquid Ni-Co, Fe-Ni and Co-Fe alloys
published by BLOSSEY and PEHLKE[39] being higher
than calculated ones, as shown in Fig.2(c)—(e) with
hollow squares, it may indicate that the measured
hydrogen solubility in molten Fe-Co-Ni alloy will
present a negative deviation from calculated ones, as
shown in Fig.2(g).

10 -
1 —Cu-Ni
2—Fe-Cr

6F 3—Ni-Co

AH/(kJ*mol™)

20 10 %0 80 100
wi%

=10 L L
0

Fig.3 Molar mixing heat of Cu-Ni, Fe-Cr, Ni-Co, Fe-Ni and
Co-Fe molten alloys

Table 3 Molar mixing heat values of Cu-Ni, Fe-Cr, Ni-Co,
Fe-Ni and Co-Fe molten alloys

Alloy AH/(kJ-mol ") Literature
Cu-Ni AH=X(,(14.02%:+2.82 x2;) [27]
Fe-Cr AH=Xpo(~7.8%c 3.5 %2, ) [28]
Ni-Co AH=Xx(2.05%ce—0.6 x2,) [25]
Fe-Ni AH=Xpe(=10.5%—12 X2, =6 x3;; ) [25]
Co-Fe AH=Xco(—12.15%pc 4.7 x2.) [25]

5 Conclusions

1) The hydrogen solubility in molten alloys can be

calculated thermodynamically with the hydrogen
solubility in constitutional pure liquid metals and their
interaction parameters. The closer the molten alloy to an
ideal liquid is, the more accurate the calculated results
are.

2) Molten alloys with hydride forming elements
have higher hydrogen solubilities than thermo-
dynamically predicted results.

3) In molten alloys near to an isomorphous system,
the lower the molar mixing heat, the closer the molten
alloy to an ideal solution, and the higher the calculating
accuracy.
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